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ABSTRACT

Silicates are the dominant surface material of many Solar System objects, which are
exposed to ion bombardment by solar wind ions and cosmic rays. Induced physico-
chemical processes include sputtering which can contribute to the formation of an
exosphere. We measured sputtering yields and velocity spectra of secondary ions
ejected from nepheline, an aluminosilicate thought to be a good analogue for Mercury's
surface, as a laboratory approach to understand the evolution of silicate surfaces and
the presence of Na and K vapor in the exosphere. Experiments were performed with
highly charged ion beams (keV/u - MeV/u) delivered by GANIL using an imaging XY-
TOF-SIMS device under UHV conditions. The fluence dependence of sputtering yields
gives information about the evolution of surface stoichiometry during irradiation. From
the energy distributions N(E) of sputtered particles, the fraction of particles which
could escape from the gravitational field of Mercury, and of those falling back and

possibly contributing to populate the exosphere can be roughly estimated.
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1. INTRODUCTION

Among the three main classes of solid materials in space (ices, silicates and carbon-
based ones), silicates are the most abundant and present throughout the Solar System and the
interstellar medium [1]. Silicates are materials with a large diversity in chemical composition
and structural properties and play an important function in the cosmic life cycle of matter [2].
In several silicates as it is the case of nepheline, the Si atom is coordinated in a tetrahedron by
four O atoms, and different structures are formed linking the radical [SiO4]" with different
atoms which should compensate the negative charge. Silicates are found both in amorphous

and crystalline phases [3].

In the Solar System, silicates are present in planets and their moons [4], in
transneptunian objects, in asteroids and meteorites, and in comets [5,6]. Silicates are
the dominant component at Mercury’s crust, even more abundant than iron. Sputtered
particles can contribute to the formation of Mercury's active exosphere. The particle
environment surrounding Mercury is complex and composed by i) thermal and
directional neutral atoms originating via surface release and charge-exchange
processes, and ii) ionized particles originating from photo-ionization and from surface
release processes such as ion induced sputtering. Indeed, sputtering of the components
of minerals present at the surfaces of Mercury and the Moon appears to be the most
efficient source of sodium and potassium in their exosphere [7]. Na” and K ions have

been observed in Mercury’s exosphere by the Messenger spacecraft [8].

Ion irradiation of solids can lead to physico-chemical changes. Among them are
structural modification (e.g. amorphization) and sputtering of charged species [9, 10]. These

effects induced by energetic ions have been studied in the laboratory with the aim to simulate



solar wind ions and cosmic ray induced modifications. For instance, ion implantation in
silicates was studied by Strazzulla et al. [11] to simulate formation of molecules containing
the projectile atoms. Sputtering of silicates was analyzed in order to investigate the
importance of solar wind ions on this process [12] and to simulate the alteration of regoliths
of outer Solar System bodies [13]. Nepheline is an aluminium silicate containing sodium and
potassium with the chemical formula (Na,K)Al4SiOy4. It is well suited for simulating the
surface of several objects in our Solar System, like Mercury [14, 15]. In addition, its
composition and structure are well known [16] and thus nepheline is a good candidate to

investigate the origin of and also the ratio between Na and K in the exosphere of Mercury.

Here, we report results obtained by irradiating nepheline samples with heavy ions
accelerated to low (keV) and high (MeV) energies. Experiments with nickel and germanium
beams, with atomic numbers close to that of iron, are indeed a good simulation of effects
induced by the heavy ion fraction (a few percent) of cosmic rays. Experiments with low
energy xenon beams are a first step towards laboratory simulations of solar wind impact.
Xenon is present in the solar wind, albeit in very small quantities (~10'" times smaller than
protons), but it can be considered a template for heavy ions (essentially all of the ions heavier

than He).



2. EXPERIMENTAL DETAILS

The experiments were performed at the Grand Accélérateur National d'lons Lourds -
GANIL in Caen. The experimental set-up called AODO was mounted successively on the
"medium energy" beam line SME (Sortie Moyenne Energie) and on low energy facility
ARIBE. AODO is dedicated to the study of the secondary ions emitted from targets prepared
in situ, in order to minimize surface contaminations, in ultrahigh vacuum (pressure ~ 2x10”
mbar). This set-up has been described elsewhere [17, 18, 19]. Most of the thin nepheline
layers used in the present experiments have been, however, produced by evaporation on a Si
substrate ex-situ. The target thickness was of the order of 1 um. The experiments were
performed with slow highly charged Xe'>* (225keV) and Xe*** (390 keV) ions at ARIBE and
with swift heavy Ge*™" (690 MeV) and Ni**" (630 MeV) ions of charge state close to

equilibrium at SME.

An outline of the XY-TOF-SIMS method is shown in Fig. 1. The ion beam impinges on
the target inside a vacuum irradiation chamber. The sputtered ions are extracted by means of
an electrostatic field and directed onto a position-sensitive Micro-Channel-Plate (MCP)
detector. The induced electron avalanche at the position of the secondary ion impact generates
a fast “STOP” signal. Also, the electron avalanche is collected by a XY -delay-line anode,
from which the impact position (X, Y) can be determined. Secondary electrons emitted upon
projectile impact on the Al foil placed in the beam for MeV/u projectiles, or a pulse applied to
parallel plates to deflect the low energy ion beams (this latter case is shown in Fig. 1) provide
a fast "START signal". From the two fast "START" and "STOP" signals, the time of flight of
the secondary ions can be determined and converted into mass spectra. Together with the
impact position, the complete velocity vector of emitted secondary ions is known and e.g.

velocity distributions can be calculated.



3. SPUTTERING OF SECONDARY IONS

Positive ion mass spectra from nepheline irradiated with 225 keV Xe and 630 MeV Ni
ions are shown in Fig. 2. They are mainly characterized by mass peaks at 23 u and 39 u which
can be assigned to Na" and K'. The mass peak at 63 u can be attributed to the ion (KNa)H",
hydrogen being an unavoidable contaminant in every vacuum chamber. When nepheline is
irradiated at high energies, the yields of ejected particles are higher, and therefore richer
spectra are obtained. For instance, the dimers Na," and K," at masses 46 u and 78 u are
observed. Also, molecules due to atom recombination upon ejection can be observed, like
masses at 85 u and 93 u assigned to KNa," and KAlL". In addition, two mass peaks draw
especial attention since they represent the beginning of a cluster series: the mass peaks at 71 u
and 103 u correspond to the series AlSiOy,” were m = 1 and 3. The peak at mass 129 is not yet

identified unambiguously, but Al;0;" is a plausible candidate.

With the aim to analyze the evolution of secondary ions under low energy irradiation,
nepheline was irradiated by 225 keV Xe'" ions at high projectile flux of the order of 5x10°
projectiles cm™s™ reaching projectile fluences up to 10" projectiles cm™. It is relevant to note
that these spectra are obtained using the same ion beam, but a projectile flux many orders of
magnitude lower than during sample irradiation to accumulate the fluence of 10'* ions cm™.
Fig. 3 shows a comparison between the spectrum obtained at the beginning of the irradiation
and the one obtained at the final fluence of 10'* projectiles cm™. As observed, both spectra are
very similar at masses lower than 85 u. At high fluences, two new peaks appear with masses
around 88 u and 132 u and are assigned to the series (SiO), with n = 2 and 3, the monomer n
=1 is not observed. Note that the potential energy for the highly charged Xe ions can lead to

increased particle emission ("potential sputtering") at low energies [20].



As said before, ionic species like Na" and K" are the main components of the sputtered
particles from nepheline when irradiated by slow ions like 225 keV Xe" " or 390 keV Xe**
and by swift heavy ions like 690 MeV Ge**" and 630 MeV Ni***. Figure 4 shows the absolute
yield distributions for Na” and K" as a function of the Xe projectile fluence, obtained from the
mass spectrum shown in Fig. 3. The yield of K' increases changes as a function of the
fluence. Concerning Na', absolute yields are more or less constant, with changes less
important than for the former. This evolution implies a modification of the surface and the

stoichiometry of the material.

4. ASTROPHYSICAL IMPLICATIONS

The tenuous atmospheres (called exospheres when the component species do not
interact among them) of several objects in the Solar System contain alkalis [22]; especially
sodium and potassium were observed [12, 23, 24]. For instance, measured sodium and
potassium abundances in the extended atmospheres of Europa and lo were reported [23].
Potter and Morgan [25, 26] reported the presence of sodium and potassium in the exosphere
of Mercury. More recently, the Fast Imaging Plasma Spectrometer (FIPS) of the Messenger
spacecraft observed significant emission of Na" and K" ions, with Na" being the dominant
species [8]. We detected similar relative abundances due to the interaction of swift and slow
heavy ions with nepheline (see Fig. 2). Our spectra are indeed similar to that obtained by the
Messenger’s FIPS device (see inset in Fig 2). Additionally, they observed the O" ion, which

was not observed in our spectra. According to Ref. [8], the presence of oxygen ions is



probably due to electron-impact ionization of neutral species, which also contributes to the

observed ion population.

It is well known that ion sputtering can result in the emission of clusters since it is a
quite energetic process. For instance, Killen et al. [27] proposed that an important quantity of
Ca molecules present in the exosphere comes from sputtered CaO molecules (aggregates) that
separate at high altitudes. In our experiments, small clusters like Na, and K, dimers have been

24+ . iy
ions. Swift ions, where the

observed during irradiation of nepheline with 630 MeV Ni
electronic energy loss is dominant (electronic sputtering), may deposit sufficient energy to be
able to release an important amount of not only small, but also larger clusters [28, 29], in

contrast to slow ions (nuclear stopping dominant). Large clusters have not been observed in

Mercury's exosphere [30].

Energy distributions of emitted Na* and K"

Mercury’s surface is continuously bombarded by Galactic cosmic rays (GCR) in
addition to the solar wind (SW) ions. The SW (mostly protons) flux at the orbit of Mercury is

of the order of 4x10° jons cm 2 s~ (10® to 10° ions cm > s

onto the surface, due to the
magnetic field, at latitudes between 40° and 60° and longitudes + 60° from the subsolar point)
[31]. The GCR flux is considered approximately constant on planets being of the order of
6x107 jons cm™ s [32, 33]. However, in general, the question of ion population at Mercury's
surface is rather complex. Although GCR intensities are much lower than SW intensities, the
characteristic energies are much higher. In this regard and concerning GCR, heavy ions are
less abundant than light ones by a factor of ~10 [34]. Nevertheless, at 1 GeV, a Fe ion

deposits ~10* times more energy per unit path length in silicates than do protons [35]. At

these energies, > 1 MeV/u, electronic stopping is dominant over the nuclear stopping.



The sputtering process on Mercury due to SW and GCR ions is also dependent on the
orientation of the magnetic field [36], playing a dominant role in determining the ion
distribution. Nevertheless, since Mercury has a rather thin atmosphere (exosphere) and a
relatively weak magnetic field (not enough to deflect them effectively), GCR continuously
bombard and penetrate its crust [37]. Observations made by Mariner 10 near Mercury showed

that the size of the Hermean magnetosphere is only about 5% that of the Earth [7]. In fact, SW
and GCR ions impinge on the surface at highly localized auroral and mid-latitude regions

[38].

In this respect, the analysis of energy distributions of the emitted secondary particles
can provide important information on source processes and surface interactions. Energy
distributions N(E) for Na" and K" sputtered from nepheline by swift heavy Ni ion beams at
630 MeV are shown in Fig. 5. Maxima are observed at E,x =3 eV for Naand at E,x =2 eV
for K. As reported by Johnson et al. [24] for neutral ejecta, the Na distribution is broader than
the K distribution, both following a Maxwell-Boltzmann law N(E) = A x E exp(—aE). Fitting
this function to the data, the “temperatures” deduced from the parameter a are of the order of
T ~2.4x10* K for Na and T = 1.9x10* K for K. These “temperature” values, calculated from
the Maxwell-Boltzmann distributions, are in agreement with track temperature values

observed with different materials in the electronic stopping regime [39, 17].

The energy distributions obtained for secondary ions sputtered from nepheline show a
similar dependence as observed with other materials in electronic sputtering processes, with a
slowly decreasing tail, which decays roughly as E? (e.g., Johnson et al. [40]). In contrast, the
maximum of the energy distributions for neutral Na appears at lower energies, as observed by
Wiens et al. [41], for example. They observed a maximum of N(E) for Na of the order of 0.2

eV when Na,SO, was irradiated by 3.5 keV Ar’ primary ions. Similarly, Johnson et al. [24]



report a maximum of the energy distributions at even lower kinetic energies (~ 0.02 eV), may

be due to the fact that their sample surface was porous and composed of frozen volatiles.

From Fig. 5, it is also possible to determine the fraction of sodium and potassium ions
having a velocity exceeding the escape velocity from Mercury’s gravitational field [42].
These velocities are indicated by green and blue arrows, respectively. About 85 % of Na" and
45 % of K would escape from Mercury’s exosphere. This is in agreement with the
observations of Zurbuchen et al. [8] showing that the most abundant ion species in the

exosphere of Mercury is Na'. For instance, Na~ can escape into the magnetotail or

back-scatter on the surface [43]. Potassium may be emitted by similar processes.

Albedo features of Mercury are related to the composition, morphology and reflectance
of the surface [44, 45]. According to Killen et al. [30], the spatial variation of sodium
emission may also be related to albedo, since excess emissions usually appear over the bright-
albedo regions: at high North and South latitudes. In addition, radiation reflected back into the

exosphere may induce ionization of species present in the exosphere [46, 47], like Na or K.

Na* /K" Ratio

Sodium is not distributed uniformly over the surface of Mercury. Measuring spectra of
the reflected light caused by interactions of solar radiation with the Hermean surface, Potter et
al. [48] reported Na variations over six days of observations, which should be related to the
solar activity [30]. In contrast, neither Sprague et al. [49] nor Potter et al. [48] found any
correlation. The Na distribution also changes from mercurian day to night and with the
exosphere temperature. In addition, radiation acceleration seems to affect its distribution,

since excess Na emission at Polar Regions was observed [30].
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Whereas sodium and potassium are chemically and physically very similar and their
distributions over the Mercury surface are similar (not identical), supporting the view that
they are generated by similar processes; according to Potter et al. the ratio of sodium to
potassium is highly variable [S0]. Killen et al. [30] reported Na/K ratios varying from 40 to
140 in Mercury's exosphere. It is important to note that the initial Na/K ratio in the crust is not

known.

Fig. 6 shows an estimation of the decrease in the surface concentration of Na' relative
to K™ as a function of the projectile fluence of 225 keV Xe ions. The depletion cross section
(op), obtained from a fit to a single exponential decay, is on the order of 0.2x10"* cm” atom ™.
Our estimation concerns the ionic part of the sputtered particles. Values of op for neutrals
found by Dukes et al. [12] are of the order of 10" cm? atom™. Here, we take into account the
ion fraction of the sputtered species, being of the order of 10 to 10, In some cases relevant
to astrophysics, ionized particle yields of the same magnitude as that of neutrals have been
reported, demonstrating the usefulness of ionic particles as information about surface

stoichiometry [12].

The observed Na"/K ratio at the beginning of the irradiation (10'? ions cm™) is around
6. It decreases following the exponential evolution and finally achieves a value around 3, at
fluences of 10'* ions cm™. To our knowledge, Na'/K" ratios were not previously reported in
the literature. If we consider the nepheline stoichiometry concerning Na and K, the nominal
value of which is a 3:1, but which can vary from one sample to another, and the Na'/K ratio
at the beginning of the irradiation (~ 6), sodium seems to be emitted easier than potassium.
According to Fig. 4, at higher fluences, the sputtering yield of potassium increases more than
that of sodium; the K yield changes more than that of Na. This could contribute to explain
why the Na/K ratio changes on Mercury’s exosphere, along the time and with other factors,

apparently with no correlation. Although the composition of Mercury’s exosphere is non-
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stoichiometric with respect to the surface composition [51], a steady-state composition of the

flux of sputtered atoms might reflect the average bulk composition [30].

5. CONCLUSIONS

The ion sputtering of the cosmic analogue nepheline by swift and slow heavy ions was
studied by secondary ion mass spectrometry. The predominance of Na and K ions in the
sputter flux was observed. This is in agreement with the observations made by the Messenger
spacecraft on the exosphere of Mercury [8]. Energy distributions have maxima around ~3 eV
for Na and ~2 eV for K. From these distributions, it was possible to estimate the escaping

fraction of Na" and K™ from Mercury’s gravitational field.

Concerning the interaction of slow heavy ions with nepheline we observed that the
composition and stoichiometry of the sample change along the irradiation: at the beginning,
Na" is emitted more efficiently remaining almost constant, while the K" yield increases
continuously. This may explain the apparently non-uniform variations of the Na/K ratio in
Mercury's exosphere. At the same time, a decrease in the surface concentration of Na' relative
to K" as a function of the irradiation was observed. The obtained depletion cross section (op)
is on the order of 0.2x10™* cm” atom™. Even knowing that sputtered ions may be caught by
the electro-magnetic field of Mercury’s magnetosphere or may escape with the solar wind,
these results describe the possibility of Mercury’s exosphere with ions ejected from the

surface, like Na and K.

Furthermore, all these results are possibly correlated to the abundance of Na and K at
the surface: the data were obtained, approximately, from the same region of the target (the

beam covered a surface of ~ 3x5 mm with ion impacts randomly distributed). Secondary ions

12



come from the surface, with a probing depth of some monolayers (low energy photoelectrons
could come from similar depths). However, other parameters like inhomogeneities on the

surface target, for example, may also need to be taken into account.

The present data contribute to the debate on the mechanisms that govern the
composition and variability of the exosphere of Mercury. We are not able to determine if
cosmic ion sputtering is the dominant mechanism for the production of sodium and/or
potassium ions but we can say that it is certainly important to continue to obtain experimental
data as those here presented, that will help to analyze the existing earth based and space data
and those that will be collected by the instruments on board Bepi Colombo, the European

space mission that will visit Mercury in the next years.
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Table 1: Ion beams, projectile energy (E), electronic (Se) and nuclear (Sn) stopping power

and projectile fluences. The stopping power was calculated with the SRIM software [21]. A

density value of 2.64 g/cm’ was adopted.

Ton E Se Sn Fluence
Beam (MeV) (keV/nm) (keV/nm) (particles cm'z)
Xe" 0.225 0.3 1.6 10" to 10™
Xe?®* 0.390 0.4 1.5 5%10' to 5x10"

76Ge?* 690 7.0 0.004 5x10°
SN 630 5.3 0.003 10" to 6x10"?
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Schematic representation of the XY-TOF-SIMS experimental set-up.

TOF mass spectra from nepheline by low-energy Xe'*" ion beams at 225 keV (bottom)
and high-energy Ni*** ion beams at 630 MeV (top). Inset: mass spectrum obtained by

the Messenger’s FIPS device [8].

15+

Mass Spectra from nepheline irradiated by 225 keV Xe ' at the beginning of

irradiation (blue) and after a fluence of 10" projectiles cm™? (red).

Absolute Na" and K yields as a function of the projectile fluence for nepheline

irradiation by Xe">" (225 ke V) ions.

Energy distributions of Na (green) and K (blue) secondary ions induced by high energy
Ni ion beams (630 MeV). The escape velocity from Mercury is indicated by arrows

(for Na" and K"). The line is a best fit of a Maxwell-Boltzmann distribution (see text).

Na'/K" atomic ratio from nepheline as a function of the projectile fluence of 225 keV
Xe ions. A fit to a single exponential decay gives a relative depletion cross section of

0.2 x 10 ¢m? atom™.
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Fig. 2
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Fig. 3
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Fig. 5
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